Effect of β-glucan particle size on the properties of fortified wheat rolls Efecto del tamaño de la partícula β-glucano en las propiedades de los panecitos enriquecidos con trigo
Introduction β-glucans are a class of soluble fibers linked to several health benefits (El Khoury, Cuda, Luhovyy, & Anderson, 2012) . These fibers are becoming significantly more popular as an ingredient in baking industries (Goldstein, Ashrafi, & Seetharaman, 2010) . β-glucan is a non-starch polysaccharide and one of the structural components of the cell wall of grains (e.g., oats and barley) and yeast. β-glucan consists of D-glucose monomers linked by β-glycosidic bonds. The water-soluble isomer with (1,3/1,4) bonds, found in bran, wholegrain oats and barley, is the most nutritionally active (Ahmed, 2015) . Consequently, the highest glucan contents among cereals have been found in barley (2.5-11.3%) and oat (2.2-7.8%), followed by rye (1.2-2.9%) and wheat (0.4-1.4%). (http://www.sciencedirect.com/ science/article/pii/S0144861714008510#). This is as well β-glucan from fungal sources with 1,3/1,6 bonds. Despite its health benefits, it is hardly used as a bioactive substance in real foods (Du, Lin, Bian, & Xu, 2015) .
Consuming food fortified with β-glucan may have a positive health influence. β-glucan decreases low density cholesterol (LDL) levels, leading to a reduced risk of coronary heart disease and hypertension (Chen & Raymond, 2008) . Additionally, βglucan creates a viscous layer on the surface of intestinal villi, which might lead to reduced absorption of cholesterol and bile acids (Butt, Tahir-Nadeem, Khan, Shabir, & Butt, 2008) . Furthermore, the increased intestinal lumen viscosity due to βglucan leads to positive hypoglycemic effects (Panahi et al., 2014) . β-glucan also affects the brain satiety center, which might lead to the use of β-glucan in fighting obesity.
The use of β-glucan in the production of bakery goods is technologically justified as it delays the processes of retrogradation and syneresis in baked products. β-glucan is the carbohydrate that could form the hydrocolloid structure during bread production. Decreased water secretion from carbohydrate structures (such as β-glucan hydrocolloid structure) results in increased moisture and softness of bakery goods over time (Fik & Surówka, 2002) . β-glucan may also play an important role by stabilizing air bubbles and preventing them from joining together (Moschakis, Lazaridou, & Biliaderis, 2014) . Moreover, β-glucan structures are resistant to irridation, thereby making them more usable in various matrices (Shah et al., 2015) . Current regulations, including the EU Directive number 432/ 2012, permit the following health claim to be placed on products: 'Oat β-glucan has been shown to lower/reduce blood cholesterol. High cholesterol is a risk factor in the development of coronary heart disease' (EFSA, 2011) .
The health benefits of oat β-glucan may vary depending on the preparation methods or β-glucan particle size and molecular weight (Sibakov et al., 2011) . Reduced particle sizes can be effectively achieved by the mechanical treatment of polysaccharide raw materials. Several milling devices have been studied for this purpose (Niemi et al., 2012) . However, the effect of varying β-glucan particle sizes on the physicochemical properties of bakery products is unclear. Therefore, the aim of this study is to evaluate the effect of particle size and level of wheat flour replacement on the physicochemical properties of wheat rolls to determine whether it is possible to fortify the rolls with more β-glucan when the particle size is decreased.
Materials and methods

Flour
Commercial wheat flour consisted of 10.97% proteins, 0.51% ash and 28.6% gluten with a 14.04% moisture content (Polskie Mlyny, Inc., Poland). The flour composition was measured with nearinfrared spectroscopy (NIRFlex N-500, Buchi, Switzerland).
Dietary fibers
The fiber preparation consisted of 44 g/100 g of dietary fiber (23 g soluble and 21 g insoluble fractions). The entire preparation consisted of concentrated 16 g/100 g of β-glucan (Microstructure Inc., Poland). The β-glucan from the supplier was used as the maximum particle size. 0.5 mm and 0.2 mm screens in the ZM 200 rotor mill (Retsch, Germany) were used to produce two smaller particles. Static image analysis (Morphology G3SE, Malvern Instrument Ltd, Malvern, England) was performed to estimate the mean particle sizes at 280 µm, 195 µm and 100 µm.
Preparation of bread rolls
Constituents of the rolls are presented in Table 1 . The water content was adjusted to achieve 500 Brabender Units. The control sample was prepared without β-glucan. All constituents apart from fat were mixed with the TRQ -42, RM Spiral mixer (Gastro, Poland) at 200 rpm for 4 min. The fat was then added and the dough was mixed for an additional 6 min prior to a 15 min resting period. The dough was divided and formed into 60 g rolls. The proofing time was 60 min (35°C, 85% relative humidity). Bread rolls were baked at 180°C for 14 min in the CPE 110 convection oven (Kuppersbuch, Germany) and cooled at room temperature.
Rheology
Rheological measurements were conducted with the Haake RT 20 rheometer (Haake, Germany) on a 2 g piece of dough without the addition of yeast to prevent the formation of gas bubbles. A forced oscillation test was conducted in the plate-plate geometry with a 2 mm gap. Upon the determination of the viscoelastic region, the following measurement parameters were selected: frequency of oscillation was 1 Hz, shear stress was 600 Pa, sensor angle rotation was 2°C and the temperature during measurements was 15°C. Measurements of G' -Pa (storage modulus) and G" -Pa (loss modulus) were conducted in triplicate.
Yield and volume
The dough and bread rolls (1 h after baking) were weighed and the production yield was calculated as a mass of the final product after cooling for 100 g of flour-β-glucan preparation. The volume of baked bread rolls during storage was determined according to the rapeseed displacement method.
Texture
The texture profile of the rolls in a double compression cycle was recorded with the Instron 5965 Universal Testing Machine (Instron, USA) with the maximal load of 500 N, 50% penetration depth using a 40-mm-diameter probe and a 20 s gap between compressions on 20 mm × 20 mm × 20 mm crumb cubes. The application conditions of the texture profile analysis were: pretest speed of 2 mm/s, test speed of 5 mm/s and post-test speed of 5 mm/s. The parameters analyzed were firmness (the peak force during first bite; N), cohesiveness (area 2/area 1; -), springiness (the ratio between the recovered height after the first compression and the original sample height) and chewiness (firmness x cohesiveness x springiness; N). The measurements were taken 24 h after baking.
Color
The Minolta CR-400 colorimeter (Konica Minolta Inc., Japan) was used to determine rolls' crumb color 3 h after baking (illuminant D65, measurement area ø = 8 mm, standard observers 2°) and the results were expressed according to the CIELab color space. Measured parameters were L (L = 0/black and L = 100/white), a (-a = greenness and +a = redness) and b (b = blueness and +b = yellowness). Three different rolls were analyzed a total of 10 times.
Crumb porosity
Computer image analysis of TIFF images was used to estimate porosity. The loaf was cut into 2.5-cm-thick slices. The slices were digitally photographed using lightening from lamps with the color temperature at 5400 K. Images were analyzed using ImageJ (Wayne Rasband, National Institutes of Health, USA). The central image of the crumb was selected and the area was calculated. This was then converted into an 8-bit image to obtain a black and white threshold before performing binary Table 1 . Constituents of bread used in the study with different flour replacement levels with β-glucan preparation. The water content was adjusted to achieve 500 BU.
Tabla 1. Constituyentes del pan utilizado en este estudio con diferentes niveles de sustitución de harina con preparación de β-glucano. El contenido de agua se ajustó para conseguir 500 BU.
0%
5% 10% 15% 20%
Wheat flour 1000 g 950 g 900 g 850 g 800 g β-glucan preparation 0 g 50 g 100 g 150 g 200 g Yeast 60 g 60 g 60 g 60 g 60 g Salt 18 g 18 g 18 g 18 g 18 g Sugar 10 g 10 g 10 g 10 g 10 g Fat 16 g 16 g 16 g 16 g 16 g segmentation. The results are presented as the percentage of pore area in the total area.
Microscopy
The pieces of wheat bread rolls (0.5 cm cubes) were taken from the crumb. Then, 1% of agar solution was used for embedding, followed by 1% glutaraldehyde in 0.1 mol/l phosphate buffer, pH 7.0, dehydrated with ethanol and hardened in the Historesin (Leica, Heidelberg) solution overnight. Then, the 4 µm parts were sectioned. For the fluorescence microscopic examination, the bread sections were stained with Fuchsin acid (0.1% w/v) and 0.01% (w/v) Calcofluor (Fluorescent brightener 28, Aldrich, Germany). Calcofluor stains intact cell walls blue. Fuchsin acid stains proteins red. Starch remains unstained and appears black (Maeda et al., 2015) . 
Statistics
The results are presented as the mean value ± standard deviation. To calculate p-values, the one-way analysis of variance followed by Tukey's test and the Pearson correlation matrix were performed using Statistica 10 for Windows (StatSoft Inc., USA). P ≤ 0.05 was considered significant.
Results and discussion
Rheological parameters
The storage modulus G' (Pa) and loss modulus G" (Pa) were calculated to determine the effect of the fiber particle diameter on rolls' rheology. As the β-glucan fiber content increases with the replacement of flour, the storage modulus G' also increases (Figures 1 and 2) . This result is consistent with the observations of Skendi, Biliaderis, Papageorgiou, and Izydorczyk (2010), where the addition of β-glucan in the dough increases the G' values in quality flour. The fortification of β-glucan in the dough increases the deformation resistance, elasticity and flowability. The higher G' values than G" indicate that the dough is more elastic than viscous. This could be caused by an interaction between the dietary fiber and gluten or other dough constituents, resulting in increased levels of high mass molecules (Sivam, Sun-Waterhouse, Waterhouse, Quek, & Perera, 2011). Both G' and G" values were similar to the control (data not shown) when the 195 µm β-glucan particle was used. 
Yield and volume
There are significant (p ≤ 0.05) changes in the yield and volume of rolls made with β-glucan of varying particle sizes ( Table 2 ). The volume increases in all β-glucan-added dough compared to the control with the same result when increasing the β-glucan:flour ratio. In addition, total β-glucan levels affect flour quality and rolls volume. The final rolls volume is also determined by the β-glucan molecular weight and particle size. For low-quality flour, β-glucan supplementation improves the properties of the bread, whereas a larger particle size decreases the resulting bread quality (Iranshahi, Mahdi, Ardebili, & Yasini, 2014) .
The particle size of fibers mixed in dough can impact the volume of bread, causing physical disruptions to the produced bread (Majzoobi, Farahnaky, Nematolahi, & Hashemi, 2013 ). The influence of particle size and its distribution in the dough is significant. There is a lower volume for bread productions with the increase of dietary fibers added. Replacing flour with fiber particles disrupts the homogeneity and continuity of the protein strands. Thus, there is a decrease in the gluten strength and dilution in the gluten content, thereby interfering with the optimal formation of the gluten matrix during the fermentation of the dough and in bread-making, making the dough less capable of holding gas (Choi, Kang, Cheong, Hyun, & Kim, 2012) .
Texture analysis
The firmness was greatest in the rolls samples with the smallest β-glucan particles added in the highest amount (Figure 3) . It was predicted that the firmness would be higher in the samples with smaller particle sizes due to the increased entrenchment in the gluten network. The results are consistent with those of previous studies, where the β-glucan polymer size has an effect on the firmness of the bread, with larger particles producing less-firm bread . Conversely, cohesiveness measurements indicated that it was influenced both by the particle size and by the level of flour replacement (Figure 4) . The increase in cohesiveness reflects a decreasing tendency of the bread to fracture and crumble (Ho, Abdul Aziz, Bhat, & Azahari, 2014) . Springiness is often defined as the elasticity of the crumb. Springiness was the highest in the breads composed of medium β-glucan particles and was not significantly influenced by the level of flour replacement ( Figure 5) . Crumb chewiness is a product of crumb firmness, cohesiveness and springiness and was the highest for the breads with the smallest β-glucan particles ( Figure 6 ).
Color parameters
The mixture of flour and β-glucan resulted in significant changes in color from the control ( Table 2 ). The addition of β-glucan reduced the L* (lightness) of rolls, similar to the study carried out by , where the dough was darker and coarser after the addition of β-glucan. The results for the lightness, redness (a*) and yellowness (b*) color parameters had the same trends. There was no significant change due to particle size. However, there were significant but inconsistent trends in the substitution with β-glucan dietary fibers, consistent with the previous observation of Gajula, Alavi, Adhikari, & Herald (2008) , where cookies with 30%-40% β-glucan substitution had a darker color. It is possible that the darker color occurs with the increasing substitution of β-glucan containing barley flour. The increase of bran β-glucan in the replacement of flour in dough also increases dough darkness. There are significant changes in the redness and yellowness as the amount of bran-containing β-glucan increases in the dough. 
Porosity
The next physical characteristic measured was bread porosity (Table 2) . Porosity was higher in the rolls with added dietary fiber, corresponding to the studies of Lazaridou & Biliaderis (2007) , where β-glucan improved wheat bread crumb grain by stabilizing air cells in the bread dough and preventing the coalescence of the cells. The most porous bread was made from the largest β-glucan particle, while increasing the flour replacement level reduced porosity. Porosity was correlated with volume (r = 0.82), similar to previous observations (López, 2014) .
Microscopy
Microstructural study of the wheat bread rolls showed that the βglucan was located mainly in insoluble form built in the protein network (Figure 7) . β-glucan particles were not affected by the mechanic grinding of dietary fiber powder. It could be a very vital finding because it leads to using the dietary fiber preparation in smaller size without losing the functionality of β-glucan.
TDF and β-glucan
Both TDF and β-glucan content increased as the particle size decreased and flour replacement was higher ( Table 2 ). The increasing TDF and β-glucan content was higher due to increasing flour replacement in the samples when the wheat flour was replaced with β-glucan preparation. The smaller particle size of β-glucan preparation absorbed more water during mixing due to the development of particle surface and the surface of water evaporation was higher in these samples during baking (Ramirez-Suarez et al., 2012) .
Conclusion
β-glucan is considered a vital substance that could be useful in the production of health-promoting food. Oat β-glucan is considered to have a high health benefit and could be used in the fortification of bread rolls. β-glucan particle size may influence both the physical properties of bread and the TDF and β-glucan contents. It could be suggested that β-glucan particle size reduction is a method for improving product properties to a certain extent, as the load of micronized fiber weakens the structure, resulting in product quality deterioration. 
